[1] Many trace metals such as iron, copper, and manganese have lower concentrations in the surface waters of the North Pacific Ocean than in North Atlantic surface waters. However, cobalt and zinc concentrations in North Atlantic surface waters are often as low as those reported in the North Pacific. We studied the relationship between the distribution of cobalt, zinc, and phosphorus in surface waters of the western North Atlantic Ocean. Both metals show strong depletion in the southern Sargasso Sea, a region characterized by exceedingly low dissolved inorganic phosphorus (generally <4 nmol L À1 ) and measurable alkaline phosphatase activity. Alkaline phosphatase is a metalloenzyme (typically containing zinc) that cleaves phosphate monoesters and is a diagnostic indicator of phosphorus stress in phytoplankton. In contrast to the North Pacific Ocean, cobalt and zinc appear to be drawn down to their lowest values only when inorganic phosphorus is below 10 nmol L À1 in the North Atlantic Ocean. Lower levels of phosphorus in the Atlantic may contribute to these differences, possibly through an increased biological demand for zinc and cobalt associated with dissolved organic phosphorus acquisition. This hypothesis is consistent with results of a culture study where alkaline phosphatase activity decreased in the model coccolithophore Emiliania huxleyi upon zinc and cobalt limitation.
Introduction
[2] Surface water concentrations of many trace metals are higher in the North Atlantic Ocean than in the North Pacific Ocean, reflecting riverine inputs and dust sources like the Saharan Desert and North America [e.g., Bruland and Franks, 1983; Arimoto et al., 2003] . However, two biologically active trace elements, cobalt (Co) and zinc (Zn), have surface water concentrations in the central gyre of the Sargasso Sea that are frequently as low as values reported in the central gyre of the North Pacific. The Sargasso Sea is extremely oligotrophic with inorganic nitrogen (N) concentrations as low as 2.5 nmol L À1 [Cavender-Bares et al., 2001] and with dissolved inorganic phosphorus (DIP) concentrations that can be less than 1 nmol L À1 [Wu et al., 2000; Cavender-Bares et al., 2001] . Primary production in the Sargasso Sea has been proposed to be limited by N [Graziano et al., 1996; Mills et al., 2004] ; iron, through N 2 fixation [Berman-Frank et al., 2001] ; and phosphorus (P) [Wu et al., 2000; Sanudo-Wilhelmy et al., 2001; Ammerman et al., 2003; Lomas et al., 2004] . In the Sargasso Sea, the ratio of dissolved N to P in the water column can reach more than twice the classical Redfield value of 16N:1P (dissolved inorganic N:P of $40-50 [Cavender-Bares et al., 2001] ). Field studies in the Sargasso Sea, using metrics of P physiology such as P uptake, alkaline phosphatase activity, and P quotas, provide further evidence of P-limitation in this system [Cotner et al., 1997; Wu et al., 2000; SanudoWilhelmy et al., 2001; Dyhrman et al., 2002; Ammerman et al., 2003; Mather et al., 2008] . A recent study suggests that N may be the proximal limiting nutrient for some organisms and for carbon fixation in the Sargasso Sea but that Synechococcus, the dominant phytoplankter, and the overall autotrophic community yield appears to be colimited by N and P [Moore et al., 2008] .
[3] When DIP is depleted, most phytoplankton induce the metalloenzyme alkaline phosphatase (AP), which cleaves phosphomonester bonds, facilitating the acquisition of phosphorus from the dissolved organic phosphorus pool [Cembella et al., 1984, and references therein] . Thus under low P conditions, dissolved organic phosphorus (DOP) may become a critical P source [Mather et al., 2008] , especially considering that in many oligotrophic systems, DOP accounts for the majority of the total dissolved P pool in surface waters (94 -99% in the North Atlantic [Wu et al., 2000; Cavender-Bares et al., 2001] ). Using in situ DOP concentrations and AP activities, Mather et al. [2008] estimate that the DOP pool supports 20% of primary production in the North Atlantic subtropical gyre, though this estimate would be substantially higher (up to 90%) if geochemical estimates of new production are used instead of carbon fixation rates. At the Bermuda Atlantic Timeseries Study (BATS) site, AP activity is generally detectable year-round in the upper 100 m [Ammerman et al., 2003] . AP typically contains Zn (for instance in Escherichia coli [Plocke et al., 1962] ), though a Co-containing AP was found in bacteria isolated from a hot spring [Gong et al., 2005] . Phytoplankton in low P regimes may have elevated requirements for Zn and Co, contributing to the low Zn and Co concentrations observed in the oligotrophic Sargasso Sea. Additional Zn-or Co-containing metalloenzyme systems are involved in the utilization of other forms of DOP, such as phosphonates [Kulakova et al., 2003] , which may also elevate the requirements of phytoplankton for Co and Zn.
[4] Zinc and Co concentrations in Sargasso Sea surface waters are among the lowest in the world [Bruland and Franks, 1983; . Both Co and Zn are highly complexed by organic ligands in the North Atlantic, which further decreases their free ion concentrations van den Berg, 2000, 2001; Saito and Moffett, 2001; Jakuba et al., 2008] . The free Zn 2+ ion concentrations found in the Sargasso Sea are low enough to restrict growth of some phytoplankton species in culture [Brand et al., 1983] . These low values reflect biological utilization, including AP synthesis, and they may also restrict metalloenzyme activity under some conditions. Low-density batch cultures of the coccolithophore Emiliania huxleyi grown under low P conditions had lower AP activity when grown at low dissolved inorganic Zn concentrations (0.4 pmol L À1 Zn) than when grown at high Zn (15 pmol L À1 Zn ). In an incubation in the Bering Sea, increased AP activity was observed in bottles amended with Zn over that in control and in iron addition bottles . Extrapolating their results to field concentrations of P and Zn, the authors do not predict Zn/P colimitation to be a widespread phenomenon; however, they suggest it may occur in the Sargasso Sea where both P and Zn are very low. Co-limitation by Co and P has not been examined in as great detail as the relationship between Zn and P, which is largely due to the focus on Zn-containing APs. However, Co is also very low in the Sargasso Sea and can be the metal center in some APs [Gong et al., 2005] .
[5] Culture studies have revealed different metal requirements amongst phytoplankton taxa. For instance, the diatom Thalassiosira weissflogii has a Zn requirement that can be partially met with Co, whilst the coccolithophore E. huxleyi has a Co requirement that can be partially met with Zn [Sunda and Huntsman, 1995; Xu et al., 2007] . The picocyanobacteria Synechococcus and Prochlorococcus have absolute Co requirements that cannot be met with Zn [Sunda and Huntsman, 1995; . The relative proportion of Zn to Co may therefore favor the growth of certain species over others [Sunda and Huntsman, 1995] . This has important implications for the global carbon cycle since the carbon:carbonate rain ratio (a parameter that influences the effectiveness of the biological pump in removing carbon dioxide from the atmosphere [Archer and Maier-Reimer, 1994] ) is largely controlled by the dominance of diatoms versus coccolithophores.
[6] This study examines the relationships between P, Zn, and Co and their effect on phytoplankton along a nearsurface transect in the western North Atlantic Ocean, encompassing waters from 20 to 40°N. In the northern Sargasso Sea (north of $31°), seasonal mixing in the winter results in the injection of nutrients into the euphotic zone leading to spring phytoplankton blooms, followed by increasing stratification and nutrient depletion in the summer [Michaels and Knap, 1996] . In the southern Sargasso Sea (south of $31°), the upper water column remains stratified and oligotrophic throughout the year [Michaels and Knap, 1996] . Thus the transect provided an opportunity to study P, Zn, and Co across gradients in nutrient concentrations and phytoplankton community structure. Field data are supported by culture work using the coccolithophore E. huxleyi, an important species in the transitional region between the north and south Sargasso regimes [Cavender-Bares et al., 2001; Haidar and Thierstein, 2001 ].
Methods

Sample Collection
[7] Samples were collected aboard the R/V Oceanus between 20 March 2004 and 9 April 2004 (Figure 1 ) from approximately 10 m depth using either 10 L teflon-coated Go-Flos (General Oceanics) or an air-driven teflon pump (Saint-Gobain Performance Plastics) on a kevlar hydrowire.
Chlorophyll
[8] At each station, seawater was collected and passed through a GF/F filter. Filters were extracted in 90% acetone overnight at À20°C and analyzed using a handheld Aquafluor fluorometer (Turner Designs). Chlorophyll a (Chl a) concentrations were calculated following the publicly available BATS protocol (http://bats.bios.edu/batsmethods.html) based on Herbland et al. [1985, and references therein] .
Phosphorus
[9] Samples were filtered (0.4 mm acid-washed polycarbonate filter) through an acid-cleaned (10% J.T. Baker Instra-Analyzed HCl) filter tower into acid-cleaned (10% J.T. Baker Instra-Analyzed HCl) low-density polyethylene bottles and were immediately frozen and stored at À20°C. For the majority of the samples, DIP was measured based upon the MAGIC method developed by Karl and Tien [1992] as modified by Rimmelin and Moutin [2005] . Analysis of the few remaining samples is described elsewhere . Sample aliquots of 50 mL were placed in acid-washed polypropylene centrifuge tubes and pre-concentrated by magnesium hydroxide precipitation. Sodium hydroxide (350 mL of 1 mol L À1 solution, Fluka) was added to the tubes and the tubes inverted immediately to mix. After 5 min, the tubes were inverted a second time, and after an additional 5 min, the tubes were centrifuged at 3000 rpm (1811Âg) for 10 min. The supernatant was carefully removed using a pipette. The precipitate was dissolved in 1 -2 mL of 0.25 mol L À1 hydrochloric acid (Seastar HCl) and subsequently analyzed using the molybdate blue method [Murphy and Riley, 1962] and corrected for arsenic interference as per Johnson [1971] . Standards were prepared by adding 0 -200 nmol L À1 NaH 2 PO 4 to 50 mL aliquots of Sargasso seawater that were treated identically to samples. Synthetic blanks were prepared as in Rimmelin and Moutin [2005] and consisted of 1.05 mL of 1 mol L À1 sodium hydroxide solution, 4.2 mL of 0.25 mol L À1 HCl, 600 L reducing agent, 150 mL Milli-Q, 120 mL 0.3 mol L À1 ascorbic acid, and 480 mL molybdic reagent. The P concentrations measured by this method are termed soluble reactive phosphorus (SRP) since hydrolysis of some DOP compounds may occur under the acidic reaction conditions. The blank value was subtracted from the measured sample concentration (average blank value was 0.2 nmol L À1 ). The average detection limit (calculated as three times the standard deviation of the blank) was 1.2 nmol L
À1
. In cases where the measured SRP value fell below the detection limit (n = 2), values are plotted as the detection limit or listed as <daily detection limit. For stations 21-25, where the SRP values were greater than 300 nmol L
, samples were analyzed without the MAGIC pre-concentration. For total dissolved phosphorus (TDP) analysis, 15 mL of sample was placed in a quartz test tube and 40 mL of hydrogen peroxide was added. Samples were then UV digested [Armstrong et al., 1966] for twelve hours followed by analysis with the molybdate blue method [Murphy and Riley, 1962] . DOP concentration was defined as the difference between the TDP and the SRP measurements.
Alkaline Phosphatase Activity
[10] AP activity was assayed using the fluorogenic substrate 6,8-diuoro-4-methylumbelliferyl phosphate (diFMU-P, Molecular Probes), after Perry [1972] as modified by Ruttenberg and Dyhrman [2005] . For each sample, 500 mL of seawater was passed through a 0.4 mm acid-washed polycarbonate filter. The filter was placed in a Petri dish and stored frozen for approximately 24 hours. At the time of analysis, 2 mL of autoclaved phosphate-free artificial seawater [Lyman and Fleming, 1940] was added to each Petri dish. By using a phosphate-free buffer in the assay, we avoided possible substrate/product inhibition of the AP activity, and thereby measured maximal potential activity associated with particles. Petri dishes were incubated at room temperature in the dark and agitated on a shaker table for 10 minutes, after which 10 mM of diFMU-P substrate was added. Fluorescence of the sample was measured by pipetting 200 mL from the filter solution into a well-plate which was inserted into a Cyto-fluor fluorescence reader (Applied Biosystems). A fresh 200 mL sample aliquot was pipetted into the well-plate and fluorescence measured every 5 -10 min for 5 time points. Blanks were prepared by adding diFMU-P substrate to filters without cell concentrates; the fluorescence of these blank filters was subtracted from the sample fluorescence. For the first three stations, AP activity was also assayed on <0.4 mm filtered water samples to determine whether or not there was a significant dissolved component to the total AP activity. For these assays, 1 mL filtered water was pipetted into a Petri dish and 10 mM diFMU-P substrate was added. Fluorescence of the sample over time was measured as above. All AP assays were performed with saturating levels of substrate (10 mmol L À1 ) in phosphate free buffer. Thus the AP activities reported are maximum or potential activities.
[11] Alkaline phosphatase activity is often reported normalized to biomass [e.g., Li et al., 1998; Shaked et al., 2006] . This is informative as it provides a way to distinguish between a low level of activity expressed by a large biomass of cells and a high level of activity on a per cell mass basis. Chl a was used as a biomass proxy for AP activity normalization in this study, which requires certain caveats. First, Chl a is a bulk parameter encompassing the entire phytoplankton community, yet the presence of AP activity within the community can be quite varied over small spatial scales [Dyhrman et al., 2002; Lomas et al., 2004] , with some species having AP activity while others do not. Additionally, AP activity can be present in organisms that do not contain Chl a. Finally, although AP activity is typically associated with the cell surface, AP activity can be detected in the dissolved fraction [e.g., Vidal et al., 2003] . Single-cell assays of enzyme activity are valuable for elucidating some of these complexities [Dyhrman et al., 2002] . However, they do not provide a quantitative measure of activity, and at this point, cannot be uniformly applied to all taxa; there has been difficulty labeling the picocyanobacteria, which predominate in much of the Sargasso Sea. AP activity in this study was determined in the >0.4 mm fraction, which includes picocyanobacteria. This approach has been applied previously in other systems [Ruttenberg and Dyhrman, 2005; Dyhrman and Ruttenberg, 2006] . Measuring AP activity in this manner attempts to eliminate AP activity due to the dissolved fraction, thus strengthening the rationale for normalization to Chl a. Throughout this manuscript, results will be presented both with normalization to Chl a and on a per volume basis, but it is important to bear in mind that all reported activities were measured on cell concentrates.
Zinc
[12] All samples were collected using trace metal clean techniques. Samples were drawn directly from the Go-Flo bottles by teflon tubing through acid-cleaned 0.4 mm, 142 mm diameter, polycarbonate filters held in a polycarbonate filter sandwiches (Geotech Environmental Equipment, Inc.) into rigorously acid-cleaned low-density polyethylene bottles (including sequential soaks in warm Citranox detergent, 6N HCl, 5% HNO 3 , and pH 2 HCl). After filtration, samples were acidified to approximately pH 2 by the addition of 2 mL concentrated HCl (Seastar) per liter of seawater. Total dissolved Zn concentration was measured using isotope dilution and magnesium hydroxide pre-concentration followed by analysis using inductively coupled plasma mass spectrometry (ICP-MS) after Wu and Boyle [1998] and Saito and Schneider [2006] . The 15 mL polypropylene centrifuge tubes (Globe Scientific Inc.) were cleaned by soaking in 2N HCl at 60°C for 48 hours, followed by rinsing 5 times with trace-metal grade pH 2 HCl (J.T. Baker instra-analyzed) and once with ultra-pure pH 2 HCl (Seastar). Finally, tubes were filled to a positive meniscus with ultra-pure pH 2 HCl (Seastar) and capped until use. At the time of analysis, tubes were rinsed once with sample and then filled with $13.5 mL of sample (exact volume determined gravimetrically). Samples were then spiked with a 66 Zn spike (98.9% as 66 Zn, Cambridge Isotope Laboratories, Inc.) and allowed to equilibrate overnight. The following day, 125 mL of 11 mol L À1 ammonium hydroxide (Seastar) was added to each tube. After 90 sec, the tube was inverted and after an additional 90 sec, tubes were centrifuged for 3 min at 3000Âg (3861 rpm) using a swinging bucket centrifuge (Eppendorf). The majority of the supernatant was decanted carefully and then tubes were respun for 3 min to form a firm pellet and the remaining supernatant was shaken out. Pellets were stored dry until the day of analysis (no longer than a few days). Pellets were dissolved on the day of ICP-MS analysis using 0.5-1.5 mL of 5% nitric acid (Seastar). ICP-MS measurements were made using a Finnigan ELEMENT2 in medium resolution mode, which was sufficient to resolve 64 Zn from the potential interference peak due to the MgAr + ion. The reported values have had the procedural blank subtracted. To measure the procedural blank, 1 mL of low Zn surface seawater was treated as the samples but calculations were performed as though it was a 13.5 mL sample (Zn contribution from the 1 mL is considered negligible). The average blank value was 0.14 nmol L À1 and the average detection limit was 0.08 nmol L À1 .
Cobalt
[13] The same samples were used for both Zn and Co analyses (see above for collection procedure). The total dissolved Co concentrations were measured using Cathodic Stripping Voltammetry (CSV) following the method of Saito and Moffett [2001] . Reagents included N-(2-Hydroxyethyl)-piperazine-N-(3-propanesulfonic acid) (EPPS, Sigma) buffer, sodium nitrite (Fluka Puriss), and dimethylglyoxime (DMG, Aldrich). Both the EPPS and nitrite reagents were treated with Chelex-100 to remove any contaminating metals. DMG was purified as per Saito and Moffett [2001] .
[14] Acidified samples were poured into quartz tubes that were cleaned by soaking overnight in 10% HCl (J.T. Baker Instra-Analyzed) and rinsed several times with pH 2 HCl (J.T. Baker Instra-Analyzed). Samples were then UV-irradiated for 1 hour using a 500 Watt high-pressure mercury lamp (Metrohm) and pipetted from the quartz tubes into a teflon cell cup of a Metrohm 663 VA Stand in hanging mercury drop mode. The pH was adjusted to between 8.0 and 8.5 using ammonium hydroxide (Seastar). EPPS buffer (pH adjusted to 8.1) was added to a concentration 2.5 mmol L
À1
; DMG was added to a concentration of 0.3 mmol L À1 ; and sodium nitrite was added to a concentration of 225 mmol L
. The sample was purged with ultra-highpurity nitrogen gas for 200 sec. A voltage of À0.6 V was applied to the voltammetric cell for 90 sec followed by a 10 sec equilibration period before the potential was ramped from À0.6 to À1.4 V. The scan was performed using the linear sweep wave form at a speed of 7.01 V sec À1 with a step 
Culture Study
[15] Culture media were prepared using trace metal clean and sterile techniques in a class 100 clean room. The base of the medium was Sargasso seawater, collected from a teflon pump at St. 12. Seawater was filtered through a 0.4 mm polycarbonate filter and microwave sterilized. This seawater base was amended with Chelexed and filter-sterilized stocks of nitrate and vitamins up to f/2 levels [Guillard, 1975; Guillard and Ryther, 1962] . A modified f/2 trace metal mix was used; trace metals were added with EDTA to final concentrations of 100 mmol
manganese, 52 nmol L À1 molybdenum, and varying levels of Co and Zn. The free ion concentrations for the metals of each treatment were calculated using the computer program Visual MINTEQ. There were 4 metal conditions (replete Zn and Co; no Zn added, low Co; no Co added, low Zn; no Zn added, no Co added; for abbreviations and free metal ion concentrations, see Table 1 ) and two P conditions (low P, high P) for a total of 8 treatments. For the high-P treatments, 36 mmol L À1 of Chelexed Na 2 HPO 4 was added to the media; 1 mmol L À1 of Chelexed Na 2 HPO 4 was added for the low-P treatments.
[16] An axenic culture of E. huxleyi (CCMP 374) was obtained from the Provasoli-Guillard Center for Culture of Marine Phytoplankton. Before beginning the experiment, E. huxleyi was transferred to low-metal media to dilute any carryover contamination. All cultures were grown in 30 mL acid-washed polycarbonate tubes, in triplicate. Growth of the cultures was monitored daily by measuring in vivo Chl a fluorescence on a Turner Designs model 10-AU Fluorometer (Turner Designs) and by performing cell counts with a hemocytometer on days where AP activity was measured.
[17] For the low-P treatments, AP activity was measured daily for 4 days once growth of cultures had entered the logstationary transition (beginning day 7 for the Replete, day 8 for the ÀZn, and day 12 for both the ÀCo and ÀZn/ÀCo treatments), known from prior work to encompass peak AP activity [Dyhrman and Palenik, 2003] . In a previous experiment with E. huxleyi, there was no activity detectable at the P concentration used in the high-P treatment. As such, AP assays were only performed on one day for the high-P treatments (3rd day of stationary phase for +Zn/+Co, ÀZn, ÀZn/ÀCo; 1st day of stationary phase for ÀCo). For all AP assays, 650 ml of culture was removed from each tube, using sterile techniques and acid-washed pipette tips. This aliquot was split: 500 mL was placed in an acid-washed well plate for the enzyme assay and the remaining 150 mL was placed in an epitube and preserved with $2% Lugol's reagent for cell counts. 20 mmol L À1 diFMU-P substrate was added to each well using sterile acid-washed tips. The plate was then inserted into a Fluorstar fluorescence reader (BMG Labtech). Fluorescence was measured every 30-180 sec for up to 45 min. Fluorescence in a no-cells control of autoclaved phosphate-free artificial seawater [Lyman and Fleming, 1940] plus diFMU-P substrate was subtracted from culture samples. To obtain a rate measurement, a line was fitted to at least 6 points with an R 2 of 0.9 or better. If no line could be fit using these conditions, the activity was deemed undetectable. Samples for SRP analysis were collected at the end of the experiment (last day of AP analysis). The culture tubes were centrifuged at 8000 rpm for 10 min to concentrate the cells into a pellet. The supernatant was transferred by pipette into acid-clean tubes and frozen at À20°C until analysis. On duplicate supernatants, SRP was measured using the standard molybdate blue method without preconcentration [Murphy and Riley, 1962] .
Results
Chlorophyll
[18] Chl a concentrations were generally low (0.02-0.06 mg L
À1
, Figure 2A , Table 2 ) in the southern half of the transect (south of 31°N) and much higher (0.10-1.90 mg L
) in the northern half (north of 32°N). Concentrations were similar in magnitude and spatial distribution to previous studies in the Sargasso Sea [Siegel et al., 1990; Cavender-Bares et al., 2001] .
Phosphorus
[19] SRP concentrations ranged from sub-nanomolar values (reported as below detection limit) in the southern portion of the transect to 585 nmol L À1 near the continental shelf (Table 2, Figure 2B ). In the southern permanently stratified region, SRP was generally less than 4 nmol L
À1
and increased significantly only north of 35°N. DOP ranged from 51 to 308 nmol L À1 with an average value of 133 nmol L À1 (Table 2, Figure 2C ). The SRP and DOP concentrations agree with past studies in this region using the same methodology [Wu et al., 2000; Cavender-Bares et al., 2001] . At 17 out of 25 total stations, the SRP concentration was below the detection limit (30 -50 nmol L À1 ) of the standard molybdate blue method [Murphy and Riley, 1962] . Extreme care was taken in analysis of SRP samples, and the high grades of reagents used were essential for obtaining the low blanks required for the detection of nanomolar SRP.
[20] As with SRP, high DOP values were observed at the northern-most stations. However unlike SRP, the lowest DOP concentrations were observed in the middle of the transect (28 -38°N) with intermediate concentrations south of 28°N. South of 35°N, DOP accounted for 96% on average of the total dissolved P pool in near-surface waters. North of 35°N, where SRP concentrations were higher (>65 nmol L À1 ), SRP was the dominant fraction in the near-surface, and DOP accounted for less than half of the total dissolved P pool (45% on average).
Alkaline Phosphatase Activity
[21] Alkaline phosphatase activities are presented normalized to Chl a concentrations ( Figure 3A) and on a per volume basis ( Figure 3B ). AP activity was detected at all stations along the transect where measured (no data obtained for stations 24, 25). Chl a-normalized activities ranged from 3 to 105 nmol P hr À1 (mg Chl a)
À1
, while AP activities on a per volume basis were between 1.2 and 13.9 nmol P hr À1 L
. The measured AP activity in this study agrees well with previous measurements of AP activity at the BATS site, which were 1-10 nmol P hr À1 L À1 in March -April 1996 -1998 [Ammerman et al., 2003] . The trend in AP activity along the transect differs depending on whether or not it is normalized to Chl a concentration. When normalized to Chl a, AP activity is relatively high, though variable, in the southern half of the transect and steadily decreases northward of 30°N ( Figure 3A ). This trend is inversely related to the SRP concentrations with higher AP activities in the south where the SRP is low. There is not as obvious a latitudinal trend when AP activity is considered on a per volume basis ( Figure 3B ). However, highest AP activities were observed between 28 and 36°N with a single-point peak at 34°N, corresponding to the transition zone from permanent stratification to seasonally mixed waters and encompassing the portion of the Sargasso Sea where dissolved N:P ratios are highest ([NO 3 +NO 2 ]:[SRP] up to 70 mol mol À1 [CavenderBares et al., 2001] ). There was no AP activity observed in the <0.4 mm fraction for the three stations where it was assayed (data not shown). This is consistent with the majority of AP activity being associated with cell surfaces rather than the dissolved fraction.
Zinc and Cobalt
[22] Total dissolved Zn concentrations along the transect ranged from undetectable (average detection limit was 0.08 nmol L (Table 2) . Along 20°N latitude, Zn concentrations were very low ($0.1 nmol L À1 ) except for the western most station (0.58 nmol L
À1
). That station and four others (5, 6, 11, and 13) are suspected of contamination (see Discussion).
The measured values of these stations are reported in Table 2 but have been omitted from all figures. Dissolved Co was detectable at all stations and ranged from 3.8 to 111.4 pmol L À1 (Table 2, Figure 4B ). Total Co concentrations also decreased away from the Massachusetts coast, though the Co concentration gradient encompassed a larger latitudinal span than that of Zn. Cobalt decreased more gradually and consistently with latitude than Zn with the lowest Co concentrations (3.8 -7.1 pmol L À1 ) measured at the most southern latitude (20°N).
[23] Correlations between Chl a and Co, Zn, and SRP ( Figure 5 ) were examined by linear regression analysis. Chl a concentrations were highly correlated with Co concentrations (R 2 = 0.90) and by lesser degrees with SRP (R 2 = 0.78) and Zn (R 2 = 0.51, anomalously high Zn values not included). When the concentrations of SRP are compared with those of Co ( Figure 6A ) and Zn ( Figure 6B ), positive relationships are seen. The correlation between Co and SRP is stronger (R 2 = 0.78) than that of Zn and SRP (R 2 = 0.72, anomalously high Zn values not included).
Culture Study
[24] We examined the influence of Co and Zn on AP activity in batch cultures grown over a range of Zn, Co, and Figure 3A activities are normalized to the Chlorophyll a concentration, whereas in Figure 3B , activities are presented on a per volume basis.
GB4012 JAKUBA ET AL.: ZN, CO AND P IN THE WESTERN ATLANTIC P conditions. The model coccolithophore E. huxleyi was used as it has been well characterized with regards to metal requirements [Sunda and Huntsman, 1995] and AP activity [Dyhrman and Palenik, 2003; Landry et al., 2006; Xu et al., 2006] . The growth rate of E. huxleyi was highest in the +Zn/ +Co treatments and significantly decreased from the ÀZn to the ÀCo to the ÀZn/ÀCo treatments at both P conditions ( Figures 7A and 7B ). This trend in growth rates follows the pattern of previous culture studies [Sunda and Huntsman, 1995] , where coccolithophores have a primary growth requirement for Co that can be partially substituted with Zn. In both the ÀZn, low-P and ÀCo, low-P treatments, the maximum AP activity was reduced to only 60% of the maximum activity in the +Zn/+Co, low-P treatment ( Figure 7C ). This trend also holds when the average AP activity of 4 days is considered (data not shown). AP activity in the ÀZn/ÀCo, low-P treatment was generally undetectable. For the high-P treatments, AP activity was either extremely low or non-detectable ( Figure 7D ). The re-addition of P to the +Zn/+Co, low-P; ÀZn, low-P; and ÀCo, low-P treatments caused a decrease in AP activity within 24 hours of re-addition (data not shown), similar to previous studies of AP activity in E. huxleyi [Dyhrman and Palenik, 2003 ].
[25] The concentration of SRP at the end of the experiment in all of the high-P treatments was above our highest standard (1 mmol L À1 ). There was no detectable SRP (<20 nmol L À1 ) at the end of the experiment in the +Zn/ +Co, low-P; ÀZn, low-P; and ÀCo, low-P treatments. In the ÀZn/ÀCo, low-P treatment, there was 592 ± 30 nmol L
À1
SRP left in the media at the end of the experiment. The low growth observed and the relatively high levels of SRP remaining in the ÀZn/ÀCo, low-P media suggest that SRP was not sufficiently drawn down to induce AP activity. Thus the absence of activity in the ÀZn/ÀCo treatment may be due to P-sufficient conditions rather than metal limitation of AP. well with these previous studies. The concentrations of Co observed (3.8 -111.4 pmol L À1 ) also agree well with previous measurements [Martin et al., 1993; , though the concentrations in this study (usually <20 pmol L À1 ) fell mainly in the lower range of previous observations. Surface water concentrations of Zn and Co can be influenced by a variety of processes including biological uptake and remineralization, lateral and deep-water mixing, and atmospheric deposition. Much of the observed spatial variability in Zn and Co surface distributions is consistent with hypotheses concerning biological uptake.
Discussion
[27] The concentrations of Zn and Co appeared to be decoupled along parts of the transect. Moving offshore (36 -40°N), Zn concentrations decreased more dramatically at the northern stations than Co concentrations. In culture studies, cellular Co uptake rates of diatoms and coccolithophores increased with decreasing concentrations of free Zn 2+ [Sunda and Huntsman, 1995] . Concentrations of dissolved Co in the subarctic North Pacific only appear to be drawn down with N and P once Zn concentrations are depleted [Sunda and Huntsman, 1995] . These prior studies are consistent with the observed depletion of Zn relative to Co, and with Co depletion where Zn is low, which could be due to increased Co uptake once Zn concentrations are low. Another possibility is that the concentration trends indicate a higher biological demand for Zn than Co in the most northern part of the transect. The northern part of the study area encompassed colder continental shelf waters and the northern Sargasso Sea, waters where diatoms can account for the majority of Chl a in the spring [Siegel et al., 1990] . Diatoms have a high Zn requirement and little or no absolute Co requirement [Sunda and Huntsman, 1995] . The presence of a diatom-dominated community between 36 -40°N may have contributed to the more dramatic Zn drawdown relative to Co in this region. Alternately, the concentration of trace metals may act as a selective factor [Brand et al., 1983] , and species better adapted for higher Zn conditions will predominate in the north.
[28] There were several stations in the south where Zn concentrations increased without a corollary increase in Co. South of 30°N, the Zn concentration was generally less than 0.2 nmol L
À1
; however, at five stations (5, 6, 7, 11, and 13) relatively high Zn concentrations were observed (0.26-0.58 nmol L À1 ). There was no comparable increase in Co concentration at these stations. One explanation for this discrepancy is that Zn contamination may have occurred during sampling. Zinc is a very contamination prone element, and while great care was taken to prevent contamination, the anomalously high Zn values were generally at the beginning of the cruise, a time when shipboard contamination issues are not always resolved. In an attempt to determine whether the high Zn values were real or the result of contamination, six samples collected from the same region by another investigator were measured. The samples were collected by underway or pole samplers in July 2005 from 16 -24°N and generously provided by Ed Boyle (Massachusetts Institute of Technology). The total dissolved Zn concentration in all six samples was less than 0.09 nmol L
. These results suggest that the high Zn values we observed in the southern Sargasso Sea are not a common feature and likely reflect sampling contamination. The two sets of samples were collected at different times of year, on different cruises, and at different (though similar) locations, so it is possible that the discrepancy reflects true variability. For instance, in the southern Sargasso Sea, where picocyanobacteria typically dominate the biomass, the residence time of Zn in the surface layer may be enhanced relative to the northern Sargasso Sea because picocyanobacteria have a relatively low biological demand for Zn. The two most abundant picocyanobacteria, Synechococcus and Prochlorococcus, both have absolute growth requirements for Co that cannot be fully substituted for with Zn [Sunda and Huntsman, 1995; . Dust deposition from the Sahara is an important source of iron to the North Atlantic Ocean [e.g., Duce and Tindale, 1991] and dust deposition would be anticipated to have a larger influence closer to its source (i.e., in the southern portion of transect). However, Zn is a thousand-fold less abundant than iron in crustal material [Taylor and McLennan, 1985] , and the importance of eolian deposition of Zn to the surface ocean is not as well understood. Dust deposition does not appear to be a significant source of Co to the North Atlantic . Large-scale sampling efforts such as the GEOTRACES program should help clarify the above issues [Henderson et al., 2007] .
[29] In a previous study in the North Atlantic, Co concentrations were tightly coupled to salinity suggesting that Co concentrations may largely reflect conservative mixing between the high-salinity waters of the Sargasso Sea with low-salinity shelf waters. In contrast, the relationship between Zn concentrations and salinity suggested possible removal of Zn relative to that expected based only on conservative mixing [Bruland and Franks, 1983] . The relationship between Co and salinity from stations 17 to 25 was similar to that described in Saito and Moffett when the low Co concentration at station 25 was ignored, but the scatter in the data make it difficult to ascertain whether or not Co is behaving conservatively. Similar to previous work, the Zn concentrations in this study suggest that Zn may be removed relative to conservative mixing. Taken together, these relationships are consistent with the hypothesis that there may be a higher biological demand for Zn than for Co in the northern portion of our transect.
[30] The correlation between Chl a and Co observed in this study is noteworthy because it is so strong (R 2 = 0.90). In particular, it is stronger than the correlation with salinity noted here (R 2 = 0.82). While it is impossible to establish a causal relationship between Co and biology from this correlation alone, it suggests that there may be significant biological utilization of Co over the entire transect and that Co is either limiting phytoplankton growth or, more likely, that it is closely correlated with other factors that are. At the very least, the data suggest significant biological utilization of cobalt, even when SRP is high, confirming that the community's Co demand is not based exclusively on AP or links to the P cycle. Synechococcus and Prochlorococcus both have absolute Co requirements at high SRP concentrations [Sunda and Huntsman, 1995; because of Co's role in various cellular components and processes including vitamin B 12 synthesis and carbonic anhydrase [Lane and Morel, 2000; Saito et al., 2003] . In addition, Co uptake is enhanced in other species when Zn concentrations are low, regardless of SRP concentration [e.g., Sunda and Huntsman, 1995] .
[31] Using data from this study and others, regression slopes of Co and Zn versus phosphate were calculated for the Atlantic and North Pacific in the upper water column (0 -375 m) where biological uptake processes typically determine the dissolved concentration of nutrient-type elements (Table 3 ). The DZn/DP ratios observed in the Atlantic were much higher than those determined in the North Pacific. The DCo/DP values were generally higher in the North Atlantic than in the North Pacific. However, the situation seems to be more complex, as one profile from the North Atlantic had a very low DCo/DP, and in another, no correlation between Co and P was observed (Table 3) . Concentrations of SRP in the mixed layer of the North Pacific are typically an order of magnitude higher than those observed in the North Atlantic [e.g., Cavender-Bares et al., 2001] . The higher apparent uptake of Co and Zn, relative to P, in the North Atlantic may be due in part to an elevated demand for Zn and Co associated with AP in the Atlantic where SRP is typically depleted.
[32] It is important to note that all of the Pacific data were derived from upper water column depth profiles, while half of the Atlantic data are from surface water transects, so they must be compared cautiously. Nevertheless, the DZn/DP values determined from two of the North Atlantic profiles [Bruland and Franks, 1983; Martin et al., 1993] are very similar to our transect value. Furthermore, assuming Redfield C:P stoichiometry, we can estimate a Co to carbon (C) ratio in the ambient microplankton from our DCo/DP ratio of 1.4 mmol Co per mol C. This is very close to the value of 1.5 mmol Co per mol C measured by Sherrell and Boyle [1992] for surface (10 -100 m) particulate matter in the Sargasso Sea. This agreement provides further support to the idea that variations in Co and P concentrations are primarily linked to uptake and removal by biogenic particles, most likely phytoplankton. Moffett and Ho [1996] showed that Co uptake by particles in surface waters of the Sargasso Sea is almost entirely a light-dependent biological process (i.e., due to uptake by phytoplankton) and that abiotic particulate uptake or microbial oxidation was negligible. Consequently, it is reasonable to propose that the stronger drawdown observed in the Atlantic (Table 3) might reflect a higher biological demand for both Co and Zn associated with the much lower values of SRP in the Atlantic. Clearly, however, more data are required to validate this hypothesis, particularly considering that the lack of metal data associated with low SRP data and the difference in surface SRP values in the Atlantic and Pacific basins make comparing these ratios across the same SRP range difficult.
[33] The difference in DCo/DP between basins may also be impacted by differences in deep-water ratios. Because Co is scavenged onto settling particles in deep ocean waters, its concentration is lower in older deep Pacific waters than in younger deep Atlantic waters Martin and Gordon, 1988] , whereas Zn and P, which are not readily scavenged by settling particles in deep ocean water, have higher concentrations in deep Pacific waters than in the deep Atlantic [Bruland and Franks, 1983] . Thus the Co:P ratio in the deep Pacific is much lower than in the deep Atlantic, and part of the difference in the DCo/DP of surface waters may reflect the difference in deep-water ratios between basins. This will be less important for DZn/DP, since there is not as large a difference in deepwater ratios between basins.
[34] Plots of Zn versus SRP in the Northeast Pacific often have positive x-axis intercepts, indicative of a drawdown of Zn in the presence of high SRP [Martin et al., 1989] . One explanation for this behavior is that under the low Zn conditions of central gyres, phytoplankton with low Zn requirements (and lower Zn:P ratios) predominate. Even within one species, the uptake of Zn will vary with Zn concentration, such that when free Zn 2+ is high, cells may perform ''luxury uptake'' beyond their immediate cellular requirement, and when free Zn 2+ is low, the cells have lower internal Zn concentrations [Sunda and Huntsman, 2000] . This lower cellular Zn requirement may be achieved by substitution of other elements such as Co or cadmium (Cd) for Zn Huntsman, 1995, 2000] . In the Atlantic, we found the Zn vs SRP and Co vs SRP relationships to be somewhat different than those in the North Pacific. For plots ). One explanation for this relationship may be that at low SRP values, elevated production of AP creates an increased demand for Zn and Co. If DOP utilization is not involved, the relationship could reflect a dramatic change in slope, but this would yield unrealistically high Zn or Co to C ratios at low P. Alternately, there may be a modest increase in Co and Zn cell quotas associated with the production of AP, but this results in an additional reservoir of P becoming available, which leads to further Zn and Co drawdown.
[35] If we assume that the cellular metal:P ratio remains constant, we can extrapolate to a hypothetical P value where all Zn or Co has been utilized. As discussed above, there can be plasticity in metal:nutrient ratios Huntsman, 1995, 2000] , so this assumption is not trivial. Nevertheless, it is interesting to note that the extrapolated P values for both Zn and Co are similar at approximately negative 75 and 100 nmol L À1 SRP. If this reflects metal drawdown associated with DOP utilization, a true bioavailable P parameter might equal the SRP concentration plus the extrapolated SRP deficit (in the absence of other limiting factors such as N). The SRP deficit corresponds to 55-75% of the average DOP concentration from our transect. The bioavailability of the DOP pool is poorly constrained, but given the dominance of potentially bioavailable phosphate esters in high molecular weight DOP [Kolowith et al., 2001] , it is not unreasonable to suppose that a significant fraction of DOP is able to support continued metal drawdown. This assumes that the high molecular weight DOP is representative of the entire DOP pool and that DOP composition is consistent across the Sargasso Sea. Further studies of DOP cycling will inform the accuracy of the above relationships to predict bioavailable P, however evidence of the importance of DOP in supporting primary production in the Sargasso Sea is emerging Mather et al., 2008] . Indeed, Mather et al. [2008] interpret the relatively high AP activities and low DOP concentrations in the North Atlantic subtropical gyre to reflect P limitation and subsequent DOP utilization.
[36] The culture experiment described herein provides further evidence for the potential importance of both Zn and Co for P acquisition under low SRP conditions. Our results are consistent with the reduction in AP activity under low Zn conditions observed by Shaked et al. [2006] but also demonstrate that low Co can result in reduced AP activity in some phytoplankton species, such as E. huxleyi. These data suggest that at low P there may be some plasticity in the metal requirements of E. huxleyi AP and underscores the potential for both Zn and Co to constrain AP activity. This result highlights that at low P, both the Zn and Co cycles may be linked with that of P. As such, both Zn and Co have the potential to influence community composition, phytoplankton P physiology, and DOP cycling.
[37] In summary, this unique data set emphasizes the potential for linkages between the biogeochemistries of Zn, Co, and P. These data further highlights the value of data sets with sensitive measures of both trace metals and macronutrients. In particular, coupling of trace metal data with low-level P data is extremely useful in the Sargasso Sea. The culture experiment and fieldwork suggest that the biogeochemistry of Co and Zn may be coupled to that of P in the Sargasso Sea. Future work in this and other oligotrophic systems may help to identify the consistency of this relationship.
